■ Neural systems involved in the processing of written language have been identified by a number of functional imaging studies. Structural changes in cortical anatomy that occur in the course of literacy acquisition, however, remain largely unknown. Here, we follow elementary school children over their first 2 years of formal reading instruction and use tensor-based morphometry to relate reading proficiency to cortical volume at baseline and follow-up measurement as well as to intraindividual longitudinal volume development between the two measurement time points. A positive relationship was found between baseline gray matter volume in the left superior temporal gyrus and subsequent changes in reading proficiency. Furthermore, a negative relationship was found between reading proficiency at the second measurement time point and intraindividual cortical volume development in the inferior parietal lobule and the precentral and postcentral gyri of the left hemisphere. These results are interpreted as evidence that reading acquisition is associated with preexisting structural differences as well as with experiencedependent structural changes involving dendritic and synaptic pruning. ■
INTRODUCTION
Reading is a relatively recent human cultural invention that has to be taught explicitly and practiced intensively to be mastered. As a consequence, no genetically predisposed neural systems for reading exist. Instead, learning to read is thought to involve the use of a distributed set of brain regions originally serving other purposes (Dehaene, 2004) .
The neural basis of reading has been investigated extensively in functional imaging studies (for metaanalyses, see, e.g., Bolger, Perfetti, & Schneider, 2005; Jobard, Crivello, & Tzourio-Mazoyer, 2003; Turkeltaub, Eden, Jones, & Zeffiro, 2002) . Most consistently, these studies identified three neural systems in the left hemisphere to play an important role in the processing of written language. The first system includes parts of the posterior superior temporal gyrus and the inferior parietal lobule and is assumed to support the mapping of orthographic elements of written words (graphemes) onto corresponding phonological elements (phonemes); a second system in the inferior frontal gyrus has been associated with articulatory processes and the active analysis of phonological elements (e.g., Schlaggar & McCandliss, 2007) ; and finally, a system in occipitotemporal regions, including parts of the extrastriate fusiform and inferior temporal gyri, is considered to facilitate the direct mapping between familiar visual words or frequent letter combinations within words and corresponding semantic and phonological representations (e.g., McCandliss, Cohen, & Dehaene, 2003; Cohen et al., 2000) .
A common developmental hypothesis is that, in the beginning of formal reading instruction, children primarily make use of the temporoparietal system to decode written words in a laborious letter-by-letter (or syllableby-syllable) manner. Through continuous practice and in tight coupling with the temporoparietal system, the occipitotemporal system is increasingly incorporated, eventually resulting in automatic and fluent reading performance (Pugh et al., 2001 ). These assumptions have been supported by functional imaging studies showing greater activity in children relative to adults in the temporoparietal system (Church, Coalson, Lugar, Petersen, & Schlaggar, 2008; Booth et al., 2001 ) and longitudinal increases in activity over the first years of reading instruction in the occipitotemporal system in reading or reading-related tasks (Ben-Shachar, Dougherty, Deutsch, & Wandell, 2011) .
Despite the large body of functional imaging research, only a few studies have examined neurostructural correlates of reading, that is, how different levels of reading skill relate to differences in cortical gray matter structure. These studies have focused mainly on comparisons between control participants and persons suffering from developmental dyslexia, a severe difficulty in learning to read accurately and fluently. Although both reductions and increases of gray matter properties have been reported in dyslexic readers, the results of two recent coordinatebased meta-analyses of voxel-based morphometry (VBM) studies point to gray matter reductions in bilateral temporoparietal (Richlan, Kronbichler, & Wimmer, 2013; Linkersdörfer, Lonnemann, Lindberg, Hasselhorn, & Fiebach, 2012) , left occipitotemporal, and bilateral cerebellar (Linkersdörfer et al., 2012) regions as the most consistent neurostructural correlates of dyslexia.
Studies investigating neurostructural correlates of reading in nonimpaired populations are even more sparse and so far yielded mixed results. More specifically, a positive association between reading performance and measures of gray matter volume, density, or thickness has been demonstrated in bilateral (Blackmon et al., 2010) or left (He et al., 2013; Steinbrink et al., 2008) temporoparietal and left (Zhang et al., 2013) or right (Hoeft et al., 2007) occipitotemporal regions. In addition, negative correlations have been reported for left occipitotemporal and bilateral inferior frontal regions (Blackmon et al., 2010) and the left posterior cingulate cortex (He et al., 2013) . Furthermore, as all of these studies employed a cross-sectional design (i.e., participants were studied at only one point in time), they cannot answer the question of whether reading-related differences in cortical anatomy arise in the course of reading instruction and represent the result of different levels of reading proficiency or whether they can be regarded as a preexisting condition possibly causing differences in reading proficiency. One VBM study (Carreiras et al., 2009) found higher bilateral temporoparietal gray matter density in late-literates (persons who acquired literacy as adults) compared with illiterates, which supports the hypothesis of experience-dependent structural changes. It remains unclear, however, whether structural changes associated with reading acquisition in adulthood resemble those that occur when reading is learned in childhood. Cortical gray matter structure has been shown to undergo massive changes throughout childhood and adolescence, dominated mainly by neuronal and synaptic pruning processes, which result in cortical thinning (e.g., Huttenlocher & Dabholkar, 1997) . Pruning is thought to reflect experiencedependent plastic changes, which is supported by studies reporting an association between cortical thinning and better cognitive performance (e.g., Squeglia, Jacobus, Sorg, Jernigan, & Tapert, 2013; Sowell et al., 2004 ).
The present study examined possible gray matter changes associated with the acquisition of written language by following elementary school children longitudinally in their first 2 years of reading instruction. For this longitudinal sample, we collected both standardized reading tests and structural magnetic resonance imaging (MRI) data. To relate childrenʼs reading proficiency to cortical volume differences at the baseline and follow-up measurements as well as to differences in the intraindividual cortical volume development between the two measurement time points, we used tensor-based morphometry (TBM; see, e.g., Ashburner & Friston, 2003) . In contrast to VBM, which identifies regional neurostructural differences by segmentation of tissue classes and statistical analysis of the resulting tissue probability maps after nonlinear transformation to a common space, TBM derives information from high-resolution deformation fields obtained from these nonlinear transformations. In cross-sectional TBM studies, participantsʼ structural images are nonlinearly transformed to a common anatomical template; in longitudinal studies, structural images of the same participant are nonlinearly transformed to each other. From the resulting deformation tensor fields, the Jacobian matrix is computed for each voxel, whose determinant quantifies the fractional volume expansion and contraction needed to align the two images. These relative local volume differences between a participantʼs image and the template, that is, the group average, in a cross-sectional analysis or between images from the same participant at different time points in a longitudinal analysis are then, after transformation to a common space, used in the statistical analysis. TBM is considered to offer more precise and robust results than VBM, especially in longitudinal analyses (Anderson et al., 2012; Hua et al., 2009; Lee et al., 2007) .
METHODS Participants
Twenty-eight normally developing children participated in the MRI procedure at both measurement time points. The study was approved by the ethics committee of the chamber of physicians of the state of Hessen, Germany, and informed consent was obtained from all participating children and their parents. Six children were excluded from the analysis because of movement artifacts (see below), resulting in a final sample of 22 children (10 girls). All children were in their first year of elementary school at the first measurement time point (mean age = 7.5 years, SD = 0.4 years) and in their second year of elementary school at the second measurement time point (mean age = 8.4 years, SD = 0.4 years), with approximately 1 year in between (mean time between measurements = 349 days, SD = 45 days).
Cognitive Assessment
At both measurement time points, reading proficiency was assessed by means of two standardized reading tests targeting comprehension and fluency at the single word level. Comprehension ability was measured with the word comprehension subtest of a German reading test with norms for grades 1-6 (ELFE 1-6; Lenhard & Schneider, 2006) . In this test, children see a picture and select the appropriate written word out of four alternatives. Distractor words are phonologically and orthographically similar to the target word and matched for length in syllables. The test consists of 72 items, and children solve as many of them as possible in 3 min. Reading fluency was measured with the fluency subtest of a further German reading test with norms for grades 1-6 (SLRT-II; Moll & Landerl, 2010) . In this test, children read out loud as many words as possible from a list of 156 existing words and a second list of 156 pseudowords, with a time limit of 1 min per list. Standardized test scores (T scores) for the two reading tests were averaged to yield a composite score representing a robust measure of the childʼs reading proficiency at the respective measurement time point. In addition, to assess intraindividual changes in reading proficiency between the two measurement time points, a change score was computed for each child by subtracting the composite score at the first measurement time point from the composite score at the second measurement time point. As a measure of general intelligence, Ravenʼs Colored Progressive Matrices (Bulheller & Häcker, 2002) were administered at the second measurement time point. This test is an untimed power test designed for children aged 4-11 years and consists of 36 colored diagrammatic puzzles, each with a missing part that has to be chosen from six alternatives. The number of correctly solved items was used as a measure of intelligence in the analysis. All cognitive measures were taken on a separate day preceding the MRI scanning session.
Image Acquisition
Children were accustomed to the scanning procedure and trained to lie still using a custom-built MRI simulator (mock scanner) on the day of the cognitive assessment. Structural MRI data were acquired with a 3-T Siemens Magnetom Tim Trio scanner using a standard transmitreceive head coil. The same protocol was used for each participant and both measurement time points. T1-weighted images were acquired using an optimized Modified Driven Equilibrium Fourier Transform (Deichmann, Schwarzbauer, & Turner, 2004) sequence (repetition time = 7.92 sec, echo time = 2.48 sec, flip angle = 16°, FOV = 256 × 224 mm, 176 sagittal slices, voxel size = 1 × 1 × 1 mm). During the scanning procedure, the children were instructed to lie as still as possible and were able to watch a movie.
Image Processing and TBM
Individual structural images from both measurement time points were visually inspected with regards to signalto-noise ratio and screened for movement artifacts by two independent researchers. On the basis of these inspections, six children had to be excluded from the analysis because of excessive movement artifacts. Image preprocessing included removal of non-brain tissue using the hybrid watershed/surface deformation procedure (Ségonne et al., 2004) implemented in the Freesurfer software package (Fischl, 2012) and correction for field inhomogeneity with the N4ITK algorithm (Tustison et al., 2010) . After these steps, the images were submitted to two processing pipelines: a cross-sectional pipeline assessing interindividual differences in cortical volume at the first and second measurement time points, respectively, and a longitudinal pipeline assessing interindividual differences in intraindividual cortical volume development between the two measurement time points. Processing was carried out using the Advanced Normalisation Tools software package (Avants et al., 2011) .
Cross-sectional processing involved the creation of group-specific optimal average templates for each of the two measurement time points by iteratively refining nonlinear coregistrations of all images from the respective measurement time point (see Klein et al., 2010) . After a linear transformation, each individual image from one measurement time point was then nonlinearly transformed to the template from the same measurement time point using the Symmetric Normalization algorithm (Avants, Epstein, Grossman, & Gee, 2008) implemented in the Advanced Normalisation Tools. For the resulting deformation tensor field, the determinant of the Jacobian matrix was computed, which quantifies the fractional volume expansion and contraction required to match the template at each voxel. The Jacobian maps were subjected to a log transformation to render the values more normally distributed (Avants & Gee, 2004) . To allow for group analysis of the Jacobian maps in a common reference space, the linear transformation between the respective group template and the Montreal Neurological Institute (MNI) space was computed and used to transform the Jacobian map of each participant into MNI space. Before statistical analysis, the Jacobian maps were smoothed with a 4-mm FWHM Gaussian filter.
Longitudinal processing involved registration of each participantʼs image from the second measurement time point (follow-up scan) to his or her image from the first measurement time point (baseline scan). To avoid potential bias resulting from asymmetric interpolation (see, e.g., Fox, Ridgway, & Schott, 2011) , the linear transformation between the follow-up and the baseline image was split halfway between the two images according to the approach described by Yushkevich et al. (2010) . The symmetric linear transformations from the respective images to the halfway space were then used to initialize the nonlinear registration of the follow-up to the baseline image. Jacobian determinants of the resulting deformation field, in this case indicating the voxel-wise fractional volume expansion and contraction between the two measurement time points in the respective participant, were computed and log transformed. The Jacobian map of each participant was finally transformed into MNI space by combining (a) the linear transformation from the halfway space to the baseline image space with (b) the linear and nonlinear transformations from the baseline image space to the baseline group template space and (c) the linear transformation from the baseline group template space to the MNI space, which had been computed in the crosssectional processing pipeline. Finally, the Jacobian maps were smoothed with a 4-mm FWHM Gaussian filter.
Statistical Analysis
Whole-brain voxel-wise regression analysis was performed on the smoothed Jacobian images using the SPM8 software package (Wellcome Trust Centre for Neuroimaging, University College London, London, United Kingdom). First, cortical volume differences at the first measurement time point (T1) were related to (a) the composite score for reading proficiency at T1, (b) the composite score for reading proficiency at the second measurement time point (T2), and (c) the change in reading proficiency between T1 and T2 as variable of interest. Participantʼs intelligence score, gender, and age at T1 in days were included in the model as nuisance variables. Second, cortical volume differences at T2 were related to the composite score for reading proficiency at T2, and participantʼs intelligence score, gender, and age at T2 in days were included in the model as nuisance variables. Finally, differences in the intraindividual cortical volume development between T1 and T2 were related to the composite score for reading proficiency at T2, and participantʼs intelligence score, gender, age at T1, and time interval between T1 and T2, both measured in days, were included in the model as nuisance variables.
For all group-level statistics, a gray matter tissue probability map, adjusted for the age and gender distribution of the sample, was generated using the Template-O-Matic toolbox (Wilke, Holland, Altaye, & Gaser, 2008) , thresholded at p = .25 and binarized to yield an explicit gray matter mask that was applied to the statistical analysis. Clusters of voxels were considered significant and reported when exceeding a voxel level threshold of p < .001 (uncorrected) and a cluster size threshold of p < .05, corrected for multiple comparison using Gaussian random field theory (Friston, Worsley, Frackowiak, Mazziotta, & Evans, 1994) .
Analysis of behavioral performance and post hoc analyses of the TBM results were carried out using the statistical package R, version 2.15.1 (R Project for Statistical Computing, Vienna, Austria; R Core Team, 2012).
RESULTS

Behavioral Performance
Reading proficiency in our sample, measured by composite scores combining comprehension and fluency performance, varied between T scores of 42.25 and 69 (mean = 57.10, SD = 7.13) at T1 and between 39 and 66.5 (mean = 53.92, SD = 6.79) at T2, indicating that childrenʼs reading proficiency varied over the whole range of normal competencies, with a tendency toward above-average performance. We observed high correlations between the different reading (sub)tests (i.e., comprehension, fluencysubtest words, fluency-subtest pseudowords) at both measurement time points (T1: r = .7-.83; T2: r = .6-.66; all ps < .005), supporting our decision to integrate them into a single composite score. Moreover, reading performance over the two measurement time points was highly correlated (composite score, r = .8; comprehension, r = .73; fluency-subtest words, r = .69; fluency-subtest pseudowords, r = .75; all ps < .001). Reading proficiency change scores varied between T scores of −11.75 and 5 (mean = −3.18, SD = 4.44). The mean decrease in reading proficiency scores between T1 and T2 might, at least in part, be attributable to the fact that reading proficiency scores in our sample were relatively high at T1; thus, subsequent measures were more likely to result in lower values, a statistical phenomenon known as "regression toward the mean" (e.g., Bland & Altman, 1994) . A moderate negative relationship between the reading composite score at T1 and the reading proficiency change score (r = −.39, p = .08) supports this assumption. Intelligence scores (IQ) ranged from 88 to 135 (mean = 107.23, SD = 11.33), indicating, again, normal to above-average abilities in our sample. At both measurement time points, reading proficiency did not correlate significantly with intelligence (measurement time point 1: r = .08, p = .726; measurement time point 2: r = .05, p = .837) or sex (coded as 0 for girls and 1 for boys; measurement time point 1: point biserial r = −.4, p = .07; measurement time point 2: point biserial r = −.31, p = .165).
TBM
A cluster showing a positive relationship between gray matter volume at T1 and change in reading proficiency scores between T1 and T2 could be found in the left superior temporal gyrus (cluster extent = 1469 voxels, cluster level p = .034 corrected, peak t in cluster = 5.93; cf. Table 1 and Figure 1) . The analyses relating volume differences at T1 to reading proficiency at T1 or T2 and the analysis relating volume differences at T2 to reading proficiency at T2 did not result in significant findings. To exclude the possibility that the significant cluster indicating a larger volume of left superior temporal areas in children with higher reading proficiency change scores was solely based on differences in the baseline level of reading proficiency, we computed the partial correlation between the mean Jacobian value, averaged over all voxels contained in the cluster, and the reading change score, while controlling for reading proficiency at T1 and the same variables as in the whole-brain analysis (i.e., intelligence score, sex, age at T1). The results of this post hoc analysis were significant (r partial = 0.83, p < .001), indicating that gray matter volume in the superior temporal cluster at T1 was indeed related to changes in reading proficiency, even when accounting for baseline level in reading proficiency. Furthermore, to investigate whether cortical volume in the superior temporal cluster was related differently to developmental changes in the separate reading (sub)tests (i.e., comprehension, fluencysubtest words, fluency-subtest pseudowords) summarized in the reading change score, partial correlations between change scores for the separate (sub)tests and the mean Jacobian value, averaged over all voxels contained in the cluster, were computed, while, again, controlling for the same variables as in the whole-brain analysis. The results show significant positive correlations for all reading (sub)tests (r partial = .59-.7, all ps < .005), indicating that the different subtests were equally associated with gray matter volume in the cluster. Relating differences in the intraindividual cortical volume development between the two measurement time points to reading proficiency at T2 resulted in three significant clusters showing a negative relationship (Table 2; Figure 1 ). The largest cluster (cluster extent = 978 voxels, cluster level p = .004 corrected, peak t in cluster = −5.15) was located in the left inferior parietal lobule, including mainly the supramarginal and angular gyri. The second cluster was found in the left precentral gyrus (cluster extent = 743 voxels, cluster level p = .018 corrected, peak t in cluster = −5.6), and the third cluster was located in the left postcentral gyrus (cluster extent = 603 voxels, cluster level p = .049 corrected, peak t in cluster = −5.61). No significant clusters showing a positive relationship between reading proficiency and volume development were found. Possible differences in the relationship between cortical development in the three clusters and performance in the separate reading (sub)tests (i.e., comprehension, fluency-subtest words, fluency-subtest pseudowords), which were summarized in the composite score for reading proficiency, were examined by computing partial correlations between T scores for the separate reading (sub)tests at T2 and mean Jacobian values for the separate clusters, averaged over all voxels contained in the respective cluster, including the same nuisance variables as in the wholebrain analysis (i.e., intelligence score, gender, age at T1, and time interval between T1 and T2). The results show significant negative correlations for all reading (sub)tests and clusters (r partial = −.62 to −.75, all ps < .005), indicating that the different (sub)tests were equally associated with volume development in the three clusters.
DISCUSSION
In this study, we used TBM to investigate the relationship between reading proficiency and cortical gray matter volume in elementary school children during their first 2 years of formal reading instruction. Higher baseline gray matter volume in the left superior temporal cortex was positively related to subsequent changes in reading proficiency. Moreover, longitudinal volume reductions in the inferior parietal lobule and the precentral and postcentral gyri of the left hemisphere were related to higher reading proficiency at the follow-up measurement.
The significant cluster showing a positive relationship between gray matter volume at the first measurement time point and change in reading proficiency between the two measurement time points was located in the left posterior superior temporal gyrus, including parts of the planum temporale. These areas, which lie directly posterior to the primary auditory cortex, are considered as part of "Wernickeʼs area" and have been implicated in different language functions (for an overview, see, e.g., Price, 2012) . The planum temporale, because of its marked leftward asymmetry, has traditionally been considered as an auditory association area specific to speech perception (Geschwind & Levitsky, 1968) . More recent research, however, has shown that this region is equally activated by speech and tone stimuli (Binder et al., 2000; Binder, Frost, Hammeke, Rao, & Cox, 1996) . Furthermore, the planum temporale, especially its posterior portions near the TPJ, seems to be involved in both speech perception and speech production (Hickok, Okada, & Serences, 2009; Wise et al., 2001 ) but also in the audio-motor interaction between nonspeech sounds and motor actions (Hickok, Buchsbaum, Humphries, & Muftuler, 2003) . Therefore, current models of speech processing view the planum temporale as a sensorimotor integration area, which relays information between auditory cortical regions and anterior systems involved in motor control of the vocal tract and which therefore plays an important role in the acquisition of spoken language (Hickok, Houde, & Rong, 2011) . The association between the gray matter volume of this area in beginning readers and subsequent changes in their reading proficiency, as demonstrated by our study, suggests that the planum temporale might also be involved in the acquisition of written language. This assumption is supported by functional imaging studies reporting overlapping left planum temporale activation for listening to and reading words (Buchsbaum et al., 2005; Nakada, Fujii, Yoneoka, & Kwee, 2001 ). Therefore, this region might facilitate the multisensory integration of visual input and auditorymotor representations. The left inferior parietal cluster, which exhibited a negative association between cortical volume development and reading proficiency at the second measurement time point, was located in the supramarginal and angular gyri, areas that correspond well to the anatomical characterization of the temporoparietal part of the phonological reading system (e.g., Démonet, Taylor, & Chaix, 2004; Rumsey et al., 1997) . The temporoparietal system is assumed to support the transformation of orthographic elements of visual words (graphemes) into associated phonological elements (phonemes; Booth et al., 2002; Shaywitz et al., 2002) . Thus, structural changes in this region over the first years of reading instruction, as demonstrated by our study, are in line with developmental accounts of reading acquisition, suggesting that children rely mainly on phonological recoding strategies in the beginning stages of learning to read (Ehri, 1999; Frith, 1985; Chall, 1983) . Furthermore, our results are in agreement with the neuroanatomical model of reading development by Pugh et al. (2001) , which suggests a predominant role of the temporoparietal system in beginning readers, a claim that has been supported by findings from functional imaging studies showing greater activity in children relative to adults in these regions in response to reading or reading-related tasks (Church et al., 2008; Booth et al., 2001) .
Two additional clusters showing negative associations between volume development and reading proficiency were found in the precentral and postcentral gyri of the left hemisphere. Neural populations in proximity to the peaks of these clusters have been attributed to the sensorimotor control of movements of the lips, tongue, jaw, and larynx (e.g., Grabski et al., 2012; Bohland & Guenther, 2006; Pulvermüller et al., 2006) and have been shown to produce speech through highly coordinated sequences of spatial patterns of activity that hierarchically represent the articulatory features of phonemes (Bouchard, Mesgarani, Johnson, & Chang, 2013) . Furthermore, activity in these speech production areas, especially in the left hemisphere, has also been demonstrated for the passive perception of speech sounds (Pulvermüller et al., 2006; Wilson, Saygin, Sereno, & Iacoboni, 2004) , supporting theories postulating a motor involvement in speech perception (Galantucci, Fowler, & Turvey, 2006; Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967 ). These findings have been interpreted as evidence for the existence of cell assemblies integrating articulatory and auditory neurons to represent the phonological properties of speech sounds, which might develop in response to an increased tuning to the phonemic structure of the native language in the early stages of learning to speak (Pulvermüller & Fadiga, 2010) . The formation of such an auditory-motor network might be facilitated by the multisensory integration function of the planum temporale discussed above. The left precentral gyrus has further been implicated as part of the neural reading network by meta-analyses of functional imaging studies investigating nonimpaired adults (Bolger et al., 2005; Turkeltaub et al., 2002) and children (Houdé, Rossi, Lubin, & Joliot, 2010) . Thus, neural representations of articulatory features of phonemes also seem to play an important role in the processing of written language.
Indeed, learning to read an alphabetic script seems to increase childrenʼs awareness of the phonological structure of spoken language through the incorporation of orthographic information, ultimately leading to a reorganization of existing phonological representations (Nation & Hulme, 2011; Pattamadilok, Knierim, Kawabata Duncan, & Devlin, 2010; Castro-Caldas, Petersson, Reis, StoneElander, & Ingvar, 1998) . The observed structural changes in the precentral and postcentral gyri of the left hemisphere, which co-occur with similar changes in the left inferior parietal lobule, might therefore be interpreted as the neural correlate of such reorganizational processes. In beginning readers, the intensive use of phonological recoding strategies implemented by neural circuits in the left inferior parietal cortex may lead to the mapping of visual (i.e., orthographic) features of words onto preexisting phonological representations in left hemisphere circuits subserving speech perception and production (Pattamadilok et al., 2010) . The formation of a higher-order neural assembly that integrates orthographic and phonological information may promote the reciprocal refinement of grapheme-phoneme conversion knowledge and articulatoryauditory representations of phonemes and might possibly be further strengthened by the coactivation of inferior parietal with precentral and postcentral neurons because of lip movements and subvocal articulation, typically found in children in the beginning stages of learning to read (e.g., Huey, 1968) .
Previous studies that related reading performance to measures of gray matter volume, gray matter density, or gray matter thickness in normal reading participants in a cross-sectional manner, that is, at only one point in time, reported mostly positive associations in temporoparietal (He et al., 2013; Blackmon et al., 2010; Steinbrink et al., 2008) and occipitotemporal regions (Zhang et al., 2013; Hoeft et al., 2007) . In contrast to these studies, no association between gray matter volume at baseline or follow-up measurement and reading proficiency at the respective (or the following) measurement time point could be found in this study. However, intraindividual changes in reading proficiency between the two measurement time points were positively related to baseline gray matter volume in the superior temporal gyrus, including parts of the planum temporale, that is, similar areas as reported by some of the studies cited above (i.e., He et al., 2013; Blackmon et al., 2010; Steinbrink et al., 2008) . Furthermore, it resonates with studies reporting neurostructural differences between normal reading participants and participants suffering from developmental dyslexia, a specific impairment affecting the acquisition of reading skills. Most specifically, a recent meta-analysis of VBM studies (Richlan et al., 2013) found a cluster of reliable gray matter reductions in dyslexic readers in superior temporal regions only slightly more inferior to the superior temporal cluster reported in this study. Moreover, dyslexic readers have been reported to not show the typical leftward asymmetry of the planum temporale (e.g., Hynd, SemrudClikeman, Lorys, Novey, & Eliopulos, 1990; Larsen, Høien, Lundberg, & Odegaard, 1990) , although reports have been inconsistent (for a review, see Heim & Keil, 2004) . Structural abnormalities of the planum temporale and surrounding areas have further been associated with other developmental speech and language disorders like specific language impairment (e.g., Badcock, Bishop, Hardiman, Barry, & Watkins, 2012) or stuttering (e.g., Foundas et al., 2004) . We therefore interpret the significant positive relationship between left superior temporal gray matter volume and subsequent changes in reading proficiency as evidence for preexisting neurostructural differences, which might be associated with differences in general linguistic abilities. These abilities may be of increasing importance in the course of long-term reading development (e.g., Dickinson, Golinkoff, & Hirsh-Pasek, 2010) , which might explain why, in contrast to previous studies investigating neurostructural correlates of reading in older participants, no association between interindividual differences in gray matter volume in this area and reading proficiency measured at the respective time point could be found in the beginning readers investigated in this study.
Our results further demonstrated a negative relationship between longitudinal cortical volume development and reading proficiency at the follow-up measurement in inferior parietal and precentral and postcentral regions. Whereas better readers on average exhibited volume reductions, poor readers on average exhibited volume growth in these areas. These findings seem inconsistent with previous findings of positive correlations between measures of cortical volume and reading proficiency in left inferior parietal regions, as reported by some of the studies cited above (i.e., He et al., 2013; Blackmon et al., 2010) . Furthermore, the only previous study that reports volume changes directly related to reading acquisition found higher gray matter density in temporoparietal regions in persons who acquired literacy as adults when compared with illiterate adults (Carreiras et al., 2009) . It remains unclear, however, whether the processes of neural plasticity underlying learning in adulthood are the same as those underlying learning in childhood. Although changes in cortical anatomy can be regarded as the product of a mixture of developmental and experiential processes at any point in development, the influence of these processes may vary over time (Galván, 2010) . We thus hypothesize that the observed discrepancies may be because of the age and/or the developmental stage of the participants examined in this study: Cortical development is characterized by an excessive increase in brain connectivity through dendritic branching and the formation of new synapses in infancy and early childhood, followed by a phase dominated by dendritic and synaptic pruning in late childhood and adolescence (e.g., Huttenlocher & Dabholkar, 1997) . This pruning phase is thought to reflect the experiencedependent strengthening of frequently used and weakening or elimination of sparsely used connections; it might mark a shift from relatively diffuse cortical representations of cognitive functions in early childhood toward a more accurate, efficient, and faster, that is, more adult like, processing in specialized neural networks, which are further refined throughout life (Huttenlocher, 2002) . We suggest that the observed cortical volume reductions in better readers over the first 2 years of elementary school represent the formation of a more mature and fine-tuned, left-lateralized cortical network for the processing of phonological features of speech sounds.
This assumption is in line with recent studies that report an association between cortical thinning and cognitive performance. For example, Sowell et al. (2004) found a negative association between longitudinal cortical thickness development and vocabulary knowledge in elementary school children in the left dorsal frontal and parietal lobes. Similarly, thinner parietal cortices were reported to be associated with better performance in verbal learning and memory, visuospatial functioning, and spatial planning and problem solving (Squeglia et al., 2013) . Furthermore, thinner, that is, more mature, cortical gray matter seems to be associated with more mature patterns of brain activity and increased functional selectivity in cognitive tasks (Wendelken, OʼHare, Whitaker, Ferrer, & Bunge, 2011; Lu et al., 2009 ). Thus, pruning processes might be of special importance in younger children at the beginning of reading development and may lay out the basic neural foundation of the reading network. In later stages of reading development, where learning builds on largely defined neural and cognitive systems and overall plasticity is reduced, the reading network may be consolidated through increased network-internal connectivity. This might be accompanied by increased dendritic branching and synapse formation (e.g., Draganski & May, 2008) , which may explain the findings of higher cortical volume in better readers in studies examining older participants. This, however, we suggest may be a plasticity-related process that is secondary to the cortical volume changes we observed in the early stages of reading acquisition. The observed differences in volume development between good and poor readers might be due to interindividual differences in the coordination of pruning and growth processes (cf. Yeatman, Dougherty, Ben-Shachar, & Wandell, 2012) . Although in better readers, pruning might be more prominent and result in the faster formation of more mature and efficient neural reading circuits, growth processes might dominate development in the poor readers resulting in more diffuse cortical representations. These experiencedependent neurostructural changes in the beginning of reading instruction might be transient and vanish in the course of development.
To conclude, this study investigated neurostructural correlates of reading in beginning readers by following elementary school children over their first 2 years of reading instruction. A positive relationship was found between left superior temporal gray matter volume at the baseline measurement and subsequent changes in reading proficiency. This finding may represent preexisting neurostructural differences that might be associated with long-term potential for the development of reading and other language skills. In addition, a negative relationship was found between cortical volume development and reading proficiency at the follow-up measurement in cortical areas in the inferior parietal lobule and precentral and postcentral gyri of the left hemisphere. These results might represent experience-dependent neuroanatomical changes due to synaptic and dendritic pruning and, thus, highlight the importance of developmental studies using longitudinal designs, especially in children in the beginning stages of learning to read.
